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Virulence, as determined in a mouse model, and the virulence factor activities of catalase, superoxide
dismutase, and listeriolysin 0 were examined in a parental strain (10403S) and in a nonhemolytic mutant strain
(DP-L224) ofListeria monocytogenes. The cells were propagated in media containing various concentrations of
sodium chloride or potassium chloride. Strains 10403S and DP-L224 exhibited significant increases in catalase
activity and listeriolysin 0 activity when grown in medium containing either salt at 428 mM. The superoxide
dismutase activities for both strains increased when they were grown in medium containing either salt. The
superoxide dismutase activity was significantly increased only when cells were propagated in medium
containing no salt compared with that when they were propagated in medium containing either salt at 1,112
mM. In addition, the listeriolysin 0 activity was highest for cells propagated in medium containing KCI at 428
mM, while the activity was significantly less for cells propagated in medium containing NaCl at an equal
concentration. Virulence was examined in mouse livers and spleens after intravenous infection, and
approximate 50%o lethal doses were determined after intragastric and intraperitoneal infection. Each method
of infection indicated that listeriolysin 0 is required for virulence, while growth in salt-containing medium or
the production of higher levels of catalase, superoxide dismutase, and listeriolysin 0 do not appear to enhance
the virulence of L. monocytogenes.

Listeria monocytogenes is an ubiquitous bacterium, is
gram positive, grows aerobically or facultatively anaerobi-
cally, and is an intracellular pathogen. It is a salt-tolerant
organism that is capable of growing at temperatures ranging
from 1 to 44°C (18). Seeliger and Welshimer (26) demon-
strated that L. monocytogenes could survive in 20% NaCl
for 8 weeks at 4°C, while Shahamat et al. (27) reported that
the organism could survive for 15 days in medium containing
10.5% NaCl at 37°C. McClure et al. (20) showed that L.
monocytogenes grows in medium containing 10% NaCl at
pH 7.0 and 25°C.
The organism is considered a major foodborne pathogen

which is found in a variety of foods. It generally causes
disease in elderly and immunocompromised individuals,
pregnant women, and newborns. Bacterial meningitis is the
most common form of listeriosis. The virulence factors of L.
monocytogenes have recently been reviewed (23). These
factors include listeriolysin 0 (LLO) (3, 15), a phosphatidyli-
nositol-specific phospholipase C, and a lecithinase. Portnoy
et al. (23) divide L. monocytogenes infections into four
stages: internalization, escape from a vacuole, nucleation of
actin filaments, and cell-to-cell spread. The genes involved
in each of these stages have been identified. Other postulated
virulence factors include catalase (CA) and superoxide dis-
mutase (SOD). The production of CA and SOD aids in
detoxifying cytotoxic oxidants, while the production of LLO
aids in intracellular invasiveness and, possibly, in iron
acquisition (6). Cytotoxic oxidants are produced during the
respiratory burst in macrophages and neutrophils and in-
clude the superoxide radical (°02), hydrogen peroxide, and
the hydroxyl radical (-OH). It has been suggested that CA
and SOD act by detoxifying these active oxygen species (30,
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31). LLO is a pore-forming cytolysin similar to streptolysin
O and pneumolysin (21) and is shown to be necessary for the
virulence of L. monocytogenes (5).

There is evidence suggesting that the environmental con-
ditions under which L. monocytogenes is grown influence its
virulence (7) and its virulence factor activity (9). Sodium
chloride and potassium chloride may be added to foods as
flavor enhancers and as agents to reduce water activity. The
purpose of the present study was to determine whether
different levels of NaCl or KCl had any effect on the
virulence factor activity of L. monocytogenes.

MATERIALS AND METHODS

Growth conditions. L. monocytogenes 10403S and DP-L224
were obtained from Daniel A. Portnoy, University of Penn-
sylvania, Philadelphia. Strain 10403S is 0-hemolytic and was
isolated from mice, while DP-L224 is a nonhemolytic mutant
of 10403S derived via transposon mutagenesis (24).
The growth medium was modified tryptic soy broth (TSB;

Difco, Detroit, Mich.). The formula for TSB without NaCl
(TSBw) was as follows (per liter): 17 g of Bacto Tryptone
(Difco), 3 g of Bacto Soytone (Difco), 2.5 g of glucose, and 2.5
g of K2HPO4. Sodium chloride was added to TSBw to give a
final concentration of either 428 mM (TSBs 428), 787 mM
(TSBs 787), or 1,112mM (TSBs 1,112). Potassium chloride was
added to TSBw to yield a final concentration of either 428 mM
(TSBk 428), 787 mM (TSBk 787), or 1,112 mM (TSBk 1,112).
All media were adjusted to pH 7.3 prior to autoclaving.
Frozen stock cultures were prepared by inoculating 9.9 ml

of TSBw with 0.1 ml of an overnight stationary-phase
inoculum grown in TSBw, vortexing, and freezing the mix-
ture at -20°C. When working at salt concentrations of 787
mM or greater, strains 10403S and DP-L224 were grown to
the early stationary phase in either TSBs 1,112 or TSBk
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1,112, and frozen stocks were prepared in TSBs 1,112 or
TSBk 1,112, respectively, as described above. Frozen
stocks were thawed and inoculated into 250-ml Erlenmeyer
flasks containing 90 ml of growth medium. Strains 10403S
and DP-L224 in TSBw were thawed and inoculated into
either TSBw, TSBs 428, or TSBk 428. Ten milliliters of
frozen stocks of the same strains in TSBs 1,112 or TSBk
1,112 were thawed and inoculated either into TSBs 787 or
TSBs 1,112 or into TSBk 787 or TSBk 1,112, respectively.
Cultures were grown at 37°C on a gyratory shaking (120 rpm)
water bath to the early stationary phase, as determined by
monitoring with a Klett-Summerson photoelectric colorime-
ter (Klett Manufacturing Co., New York, N.Y.). Determi-
nation of protein concentrations and enzyme activities (CA,
SOD, and LLO) and preparation of cell extracts were
conducted as described by Dallmier and Martin (9).

Virulence models. Virulence was examined in a mouse
model by two methods. By the first method (method 1), we
examined the ability of L. monocytogenes to colonize the
livers and spleens of mice. Intravenous inoculation of mice
was performed by the procedure of Czuprynski et al. (7),
which used 4- to 5-week-old (C57BL/6 x DBA/2)F1 male
mice (method 1). By the second method (method 2), we used
approximate 50% lethal dose (ALD5O) procedures as de-
scribed by Pine et al. (22), which used white female ICR
mice weighing 7 to 10 g. All mice were obtained from Harlan
Sprague Dawley Inc. (Indianapolis, Ind.). Mice were housed
in polypropylene "shoe-box" cages with stainless steel wire
tops under microisolator caps. Food and water were pro-
vided ad libitum.
For method 1, strains 10403S and DP-L224 were grown to

the early stationary phase in either TSBw, TSBs 428, or
TSBk 428. Cells were separated by centrifugation (16,300 x
g, 10 min), washed in sterile pyrogen-free Dulbecco phos-
phate-buffered saline (DPBS; Sigma Chemical Co., St.
Louis, Mo.), and suspended in DPBS to obtain approxi-
mately 109 cells per ml. The final cell suspension was diluted
1/10 in DPBS to obtain approximately 105 cells per ml. This
suspension was tempered to 37°C prior to injection. Cells
were enumerated on McBrides Listena agar (MLA; Difco)
to confirm inoculum purity and number. All labware which
contained the bacteria was depyrogenated prior to bacterial
introduction. Plasticware was soaked overnight in a 1%
solution of E-Toxa-Clean (Sigma) according to the instruc-
tions of the manufacturer (27a) and was rinsed with distilled
water. Glassware was placed in an oven for 3 h at 350°C.
The portion of the tail which was to be injected was

disinfected with ethanol, and the lateral tail vein was dilated
by applying D-limonene (Sigma). Approximately 2 x 104
viable L. monocytogenes organisms (in a total volume of 0.2
ml) were injected into the tail vein. Three mice were injected
per growth condition per strain. Control mice were injected
with sterile DPBS and were housed in a cage containing L.
monocytogenes-free mice. Mice were sacrificed 3 days posti-
noculation. The spleens and livers were aseptically removed
and placed into separate glass tissue homogenizers which
had previously been rinsed with sterile 50 mM potassium
phosphate buffer containing 130 mM NaCl (PBS; pH 7.0).
The organs were homogenized with 5 ml of sterile PBS as the
diluent. This was regarded as the zero dilution. The homoge-
nates were then serially diluted in sterile PBS, and 0.1-ml
samples were plated onto MLA. Plates were incubated at
37°C for 48 h, and the colonies were counted. Results were
expressed as mean + standard error of the mean log1o L.
monocytogenes per organ. Confirmatory tests were per-
formed on the bacteria that grew on MLA. These confirma-
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FIG. 1. Specific activities (units per milligram of protein) of the
CA and SOD of L. monocytogenes 10403S after growth at 37°C in
media containing various levels of NaCl or KCl. Error bars repre-

sent the standard errors of the means.

tory tests included cellobiose (positive) and mannitol (nega-
tive) fermentation, motility (positive), nitrate reduction
(negative), and Voges-Proskauer (positive) procedures.
For method 2, strains 10403S and DP-L224 were cultured

under conditions identical to those described above for
method 1. Cells were centrifuged (16,300 x g, 10 min, 4C)
and washed twice in sterile PBS. The cells were suspended
in a final volume of PBS to yield approximately 1011 cells per

ml. Infective doses of inocula were prepared by diluting the
inocula 1/10 in sterile PBS.
Mice were infected via the intraperitoneal (i.p.) or intragas-

tric (i.g.) route. For i.p. inoculations, 0.25 ml of approxi-

mately 106, 105, 104, and 103 cells per ml was injected by using
a 1-ml tuberculin syringe fitted with a 5/8-in. (1.6-cm), 25-
gauge needle. For i.g. inoculations, 0.5 ml of approximately
101, 1010, 109, and 108 cells per ml was injected by using a

1-ml tuberculin syringe fitted with a 1-in. (2.54-cm), 22-gauge
animal feeding needle (Popper & Sons, New York, N.Y.).
The moistened feeding needle was slipped past the pharynx
into the stomach where the inoculum was injected. Care was
taken not to injure the animals. Five mice were injected per
growth condition per strain. Sterile PBS was used for the
control mice. The number of viable L. monocvtogenes organ-
isms injected for each infective dose was verified by plating
on MLA. The challenge dose for i.g. infection was chosen on
the basis of a communication with L. Pine. Deaths were

recorded every 24 h. ALD50s, variance, and 95% confidence
intervals were calculated by using a BASIC program for
estimating LD50 values with the IBM-PC (28).

RESULTS

CA activity. The CA activities of strains 10403S and DP-
L224 are shown in Fig. 1 and 2, respectively. The CA
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FIG. 3. Hemolysin titer (units per milligram of protein) of L.

monocytogenes 10403S after growth at 37°C in media containing

various levels of NaCl or KCI. Error bars represent the standard
errors of the means.

600 900 1200 when cells were grown in either salt at concentrations

greater than 428 mM. The titers of LLO dropped below the
irowth Medium levels found in TSBw when cells propagated in either

per milligram of protein) of the salt at 1,112 mM. The LLO titer was not detectable for
)P-L224 after growth at 37°C in DP-L224 under any of the salt concentrations examined
4aCl or KCI. Error bars repre- (data not shown).
Is. Infection of mouse livers and spleens. The recovery of L.

monocytogenes from the livers and spleens of mice was used
as a measure of the severity of infection. Figure 4 shows the

ighest at 428 mM for either recovery of L. monocytogenes 10403S and DP-L224 from
alt at 1,112 mM exhibited mouse livers and spleens. In all cases, DP-L224 was not
vity than cells propagated in recovered from either organ. The hemolytic strain was
CA activities of each strain recovered from both mouse livers and spleens. Approxi-
al millimolar concentrations mately 10 times more bacteria were recovered from the
between strains 10403S and spleens than from the livers, which is similar to results
concentrations were com- reported by Leblond-Francillard et al. (16) and Czuprynski
vere significantly different (P et al. (7). A two-way analysis of variance was performed on
-tivities of each strain were the results for L. monocytogenes 10403S enumerated from
ions(i.e.,TSBwversusTSBs mouse livers and spleens. No statistically significant differ-
iBs 428 versus TSBs 1,112 ence (P < 0.05) was seen for either organ between mice
icantly different (P < 0.05). injected with bacteria propagated under the same growth
itiesnf streint 10<403S a conditions. In addition, no significant difference (P < 0.05) inLY%PJJ ws%T1s*s X1Av11%, V-Y-J. C;%LVL1%, %JLsOLIV11 CLII%A

DP-L224 after propagation at 37°C in TSBw containing
various concentrations of NaCl or KCI are shown in Fig. 1
and 2. The SOD activities of both strains increased when
cells were propagated in media containing either salt at the
indicated levels. Cells propagated in TSBw containing either
salt at 1,112 mM exhibited the highest SOD activities.
Comparisons were made between strains cultured with the
same salt concentration, and comparisons were made for
each strain cultured with each salt at the same millimolar
concentration. In general, none of the comparisons were

significantly different (P < 0.05). In addition, the SOD
activities of each strain cultured under the different salt
conditions (i.e., TSBw versus TSBs 428, TSBw versus TSBs
787, TSBs 428 versus TSBs 1,112, etc.) were compared. In
general, none of the comparisons were significantly different
(P < 0.05) except for that of cells propagated in TSBw
versus cells propagated in TSBs 1,112 or TSBk 1,112.
LLO activity. The LLO titer was higher for L. monocyto-

genes 10403S cells grown in either salt at 428 mM than for
cells grown in TSBw (Fig. 3). At 428 mM, KCl was more

stimulatory for LLO than was NaCl. LLO titers decreased
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standard errors of the means. 1, liver; O, spleen, El, liver/spleen.

-*- NaCI T

- G- KCI TT
i~~~~~~~~

T
0~~~~~~~
± 6~~~~~~~~~~~~~~~~~~.

I . NaCI

GK

0~~~~

APPL. ENvIRON. MICROBIOL.



L. MONOCYTOGENES VIRULENCE 2085

TABLE 1. ALD50s of L. monocytogenes 10403S inoculated i.g. or i.p. into mice after growth in media containing no salt,
428 mM NaCl, or 428 mM KCl

i.g. CFU i.p. CFU
Condition 95% Confidence 95% Confidence

ALD50 interval ALD50 interval

TSBw 1.4 x 107a 5.8 x 105-3.4 x 108 3.1 x 10e 1.8 x 104-5.4 x 104
TSBs 428 8.5 x 107a 7.4 x 106-9.8 x 108 1.4 x 10e 9.0 x 102-2.0 x 105
TSBk 428 5.1 x 107a 5.4 x 106_4.8 x 108 2.3 x 104b 1.3 x 104_4.1 x 104

a Values sharing the same superscript letter are not significantly different.

the virulence of L. monocytogenes 10403S grown under the
various conditions was found.
ALDsos. The ALD50s are given in Table 1. The ALD50s

were not significantly different (P < 0.05) between any of the
growth conditions after either i.g. or i.p. infection. Strain
10403S gave an i.g. ALD50 that was approximately 1,000
times higher than the i.p. ALD50. An ALD50 could not be
calculated for the nonhemolytic strain DP-L224 (data not
shown).

DISCUSSION

The two listerial strains examined in the study described
here exhibited similar results with regard to their CA and
SOD activities when compared with the results found by
Dallmier and Martin (9). Strains 10403S and DP-L224 dis-
played both stimulated and depressed CA and SOD activities
(except for strain 10403S in TSBk 428) when grown in media
with identical formulations. This suggests that alteration of
the hemolysin gene to obtain the ahemolytic mutant DP-
L224 does not significantly alter the production of CA or
SOD. In the comparison of NaCl and KCl, the stimulation of
CA activity was probably not due to the cation.
When cells of SOD-producing bacteria are exposed to

increased levels Of 02, induction of manganese-containing
SOD and, to a lesser degree, CA occurred (25). Welch (30)
and Welch et al. (31) also noted that increased aeration
increased CA and SOD production. Dallmier and Martin (9)
have suggested that 02 levels in L. monocytogenes may be
stimulated by intermediate salt levels, which may increase
SOD activity. The results found for L. monocytogenes
10403S and DP-L224 when propagated in NaCl- or KCl-
containing medium are in agreement, since both strains
exhibited enhanced CA and SOD activities.
Hemolysin production has been shown to be stimulated

under various conditions. Dallmier and Martin (9) showed
that LLO activity is stimulated in growth medium containing
428 mM NaCl. Reduced aeration has also been shown to
increase hemolysin activity (2), while maintenance of cul-
tures at reduced temperatures for extended periods of time
enhanced the hemolytic activity (10, 12, 13). Hemolytic
activity was strongly enhanced when L. monocytogenes was
propagated in charcoal-treated broth as compared with that
when it was propagated in untreated broth (11). In addition,
the production of exonuclease by Staphylococcus aureus
was increased four- to fivefold when it was cultured in media
containing 171 to 513 mM NaCl, respectively (29). The
results for the LLO activity by L. monocytogenes 10403S
compared favorably with the findings for staphylococcal
exonuclease and with those found by Dallmier and Martin
(9). Since LLO is an exoenzyme, the intermediate NaCl or
KCl concentration may allow for more efficient LLO trans-
port across the membrane or the permeation of an inducer

into the cell, or a global type of regulation may occur when
the cells are stressed.
The two L. monocytogenes strains were propagated in

TSBw, TSBs 428, and TSBk 428 and were injected intrave-
nously in equal numbers into mice. The spleens and livers
were then removed to measure the severity of infection
(number of organisms present in these organs). No signifi-
cant difference between cells grown under any of the various
conditions was found. The results indicate that stimulation
of virulence factor activities, specifically LLO, did not
enhance the virulence of strain 10403S or DP-L224. These
results agree with those of other investigators. Maintenance
at 4°C on solid medium for extended periods or brief
incubations of overnight cultures at 56°C made L. monocy-
togenes SLCC 1444 hyperhemolytic (13). These hyperhe-
molytic bacteria were injected into mice, and no increase in
virulence was seen when compared with that of bacteria with
normal hemolytic status. They concluded that LLO is re-
quired for virulence but that the levels of LLO are not
directly proportional to virulence.
The ALD50s after i.g. or i.p. infection were not signifi-

cantly influenced by the growth conditions examined. Pine et
al. (22) found similar results for L. monocytogenes grown in
milk and for L. monocytogenes cells cultured on tryptose
blood agar. They noted that growth in a selective environ-
ment did not select for a more virulent population of organ-
isms. The ALD50s after i.g. and i.p. infection were approx-
imately 107 and 104 CFU, respectively. These values were
similar to those obtained by other researchers, who sug-
gested that i.g. ALD5Os would be 100 to 1,000 times greater
than i.p. ALD50s (1, 19).
The results from the present study (enhanced CA and

SOD activities) appear to support the findings of Welch (30).
Welch (30) determined the ALD50s and the CA and SOD
activities of five strains of L. monocytogenes. Welch was
unable to correlate virulence with SOD activity. However,
virulent strains were shown to possess relatively higher CA
and SOD activities. The levels of CA and SOD produced
appeared to vary between strains. Dallmier and Martin (8)
noted that strains of L. monocytogenes with high CA activ-
ities also possessed the highest SOD activities. Two of the
strains examined by Welch (30) had CA and SOD activities
of 167 and 334 and 45 and 51 U/mg of protein, respectively.
The corresponding ALD50s were 5 x 103 and 5 x 104 CFU.
The CA and SOD activities of strain 10403S grown in TSBw
at 37°C were 20 and 93 U/mg of protein, respectively. The
CA activity was less than that noted by Welch (30), while the
SOD activity was approximately 50% greater. However, the
i.p. ALD50 for strain 10403S was 3.1 x 104 CFU, which was
comparable to that found by Welch (30).
The results presented here indicate that propagation of L.

monocytogenes with various salt concentrations at 37°C
causes increased production of CA, SOD, and LLO. How-
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ever, in agreement with the results of Welch (30) and
Kathariou et al. (13), high levels or increased levels of
production of these enzymes could not be attributed to
enhanced virulence in strain 10403S. The evidence suggests
that CA and SOD do not confer on, but may contribute to,
the pathogenicity of L. monocytogenes. Since CA and SOD
both act to detoxify oxygen by-products of their own metab-
olism and from phagocytic cells, strains with reduced activ-
ities of either enzyme may still be able to defend themselves
against toxic oxygen species. In fact, a CA-negative strain
has been shown to retain its virulence (16). These results
suggest that in L. monocytogenes 10403S, growth in foods
containing NaCl and KCl may not influence the virulence of
L. monocytogenes. However, these results do not exclude
the possible role of other environmental factors (tempera-
ture) on the expression of other virulence genes (4, 14, 17,
23).
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